Introduction
Non-alcoholic fatty liver disease (NAFLD) is rapidly becoming the most common liver disease worldwide, raising serious clinical and public health concerns [1] . In recent years, it has emerged as an important independent risk factor for insulin resistance, cardiovascular disease, and metabolic syndrome [2, 3] . In addition, it may progress to steatohepatitis, fibrosis, and even life-threatening liver disease, such as cirrhosis and hepatocellular carcinoma [4, 5] . Therefore, to prevent NAFLD progression, screening and surveillance strategies are essential prerequisites. Because of the occult nature of this disease, a method for accurate assessment of hepatic fat infiltration would have profound significance in the clinical setting.
Liver biopsy is the "gold" standard for quantification of hepatic steatosis. However, due to its high prevalence and the asymptomatic features of NAFLD in the general population, using routine liver biopsy to diagnose NAFLD is unreasonable. In addition, since biopsy is an invasive procedure with potential risks of complications that range from minor pain at the biopsy site to more serious events such as hemorrhage and death [6] , there has been a great deal of effort invested in developing accurate, simple, cost-effective, and noninvasive diagnostic imaging methods that can quantitatively measure hepatic steatosis.
In particular, ultrasound (US) has been widely used to detect fatty infiltration of the liver in that it is non-radioactive, inexpensive, and readily available. Usually, US for the diagnosis of NAFLD is based mainly on a subjective assessment of liver echogenicity [7] [8] [9] . However, this method is operator-dependent with high inter-and intraobserver variability [10] [11] [12] . Thus, recently, several attempts have been made to establish objective methods for quantitative assessment of hepatic steatosis by US. To date, few studies have assessed the utility of the US attenuation index (USAI) or the hepato-renal index (HRI) as tools for quantification of hepatic steatosis [7, [13] [14] [15] . In the available studies, these quantitative parameters show good performance for the diagnosis of NAFLD and good correlation with hepatic steatosis. However, until now, there has been no study that has directly compared their accuracy for the diagnosis of NAFLD and quantifying hepatic steatosis in a large human population using hepatic biopsy as the reference standard.
Given the growing understanding and interest in the importance of NAFLD, it may be valuable to assess these indices' relative accuracy to determine the proper quantitative measurement of hepatic steatosis that would be useful for screening, follow-up, and evaluation of treatment response. The purpose of our study was therefore to compare the accuracy of USAI and HRI for the diagnosis and quantitative estimation of hepatic steatosis using liver biopsy as the reference standard.
Material and methods
Institutional review board approval was obtained for this study and informed patient consent was waived owing to the retrospective nature of the study.
Study population
Of the potential living hepatic donors between January and August 2014, those who met the following criteria underwent US and subsequent US-guided needle biopsy for the evaluation of hepatic steatosis and the presence of other occult liver disease: the absence of any documented liver disease, negative serologic findings for hepatitis B or C, and aspartate aminotransferase or alanine aminotransferase levels less than three times the upper normal limit. A radiologist (blinded) reviewed their clinical information and US images for exclusion. Of the 248 consecutive potential donors, 24 donor candidates were excluded from our study due to absence of images including both kidney and liver (n=10), heterogeneous distribution of fatty infiltration in the liver (n=1), proteinuria or increased creatinine level (n=3), or subjects' heavy alcohol consumption (over 210 g/week in men and 140 g/week in women) (n=10 days] prior to the imaging examination), and the amount of weekly alcohol intake were recorded. Height and body weight were recorded to the nearest 0.1 cm and the nearest 0.1 kg, respectively, in all study subjects. The body mass index was calculated as body weight in kilograms divided by height in meters squared (kg/m 2 ).
US examination
Prior to the biopsy, the target site was scanned by one of five board-certified abdominal radiologists using a Sequoia 512 US machine (Acuson, Mountain View, CA, USA) equipped with an 8-12 MHz linear array transducer and a 1-4 MHz convex array transducer. In general, patients received nothing by mouth for at least 8 hours before the examination. The examinations were performed in the supine position while the subjects were holding their breath. For HRI measurement, images were obtained with a frequency of 4 MHz; all of the instrument settings, including "gain", "depth", and "time-gain compensation" were optimized for each image. For USAI measurements, images were obtained with a frequency of 8 MHz; the time-gain compensation was inactivated, brightness was adjusted only by the gain, and the focal zone was adjusted to be in the deepest position.
US image analysis
The same radiologist who reviewed the subjects for inclusion selected two sets of US images for each subject. The first set was US images obtained using a linear transducer for the calculation of USAI, and the second set was a sagittal image clearly visualizing both liver and kidney and was obtained using a convex transducer for the calculation of HRI. Then, the image sets were randomly assorted after removing the subjects' information from the images. Another 8 year experienced abdominal radiologist (blinded), who was blinded to the radiology report and histopathology diagnosis calculated USAI and HRI. All images were reviewed on a Picture Archiving Communication System workstation monitor (blinded). To assess agreement in these quantitative measurements between different readers, 50 patients were randomly selected and reviewed by another radiologist (blinded, 5 years' experience) who did not know the results of the initial measurement and biopsy.
To measure the USAI (fig 1a) , the observer drew two 3×3 mm square regions of interest (ROI) in superficial (3-cm depth) and deep (5-cm depth) areas from the body surface on the sonogram, avoiding vessels, noise, and artifacts. In the liver, the ROI corresponded to the site where the biopsy was performed. To avoid confounding factors that could modify the echo intensity and thus bias comparisons, the mean echogenicities of both the superficial and deep areas were obtained on the same longitudinal US plane. The mean echogenicity within the ROI was measured on a 256-level gray scale (0-255). The USAI was then defined as the difference between the superficial and deep echogenicity/superficial echogenicity × 100. For the assessment of HRI (fig 1b) , a circular ROI of 100 mm 2 in the liver parenchyma was selected. The ROI was selected to contain an area of as uniform echogenicity as possible, excluding large blood vessels or bile ducts. Another ROI of 33 mm 2 was identified in the right renal cortex with no large vessels, renal sinus, or medulla. To avoid the interference of depth-dependent echo-intensity attenuation, the liver and right kidney ROIs were selected at the same depth on the US images. The gray scale mean value of the pixels within the two ROIs was used as a measurement of echo intensity. Then we divided the average hepatic gray scale by the average renal cortex gray scale to calculate HRI.
Reference standard
The same five radiologists who performed the US examination performed US-guided liver biopsies using a freehand technique; each of the five radiologists has experience performing at least 100 US-guided liver biopsies. Each biopsy was performed using an 18-gauge needle (Stericut 18G coaxial, TSK Laboratory, Tochigi, Japan). In all subjects, biopsy specimens were obtained twice at two different sites located approximately among hepatic segments V, VI, VII, and VIII. Biopsy sites were devoid of macroscopic vessels and were approximately 1 cm apart. Each biopsy specimen was approximately 1.5 cm in length. An experienced liver pathologist who had no knowledge of the radiologic findings reviewed the histologic findings. The slides for histologic review were prepared with hematoxylin-eosin and Masson trichrome staining. The degree of steatosis was quantified by using a scale that was based on percentages (i.e., the amount of liver parenchyma replaced by steatotic droplets) [16] . For our study, the average of the degree of total hepatic steatosis in two biopsy specimens was used as the reference standard.
Statistical analysis
All statistical analyses were performed using SPSS software version 18.0 for Windows (SPSS, Chicago, IL, USA) and MedCalc version 11.2.1 software for Windows (Medcalc Software, Mariakeke, Belgium). The accuracy of USAI and HRI for quantitative estimation of hepatic steatosis was analyzed by comparing the estimated hepatic steatosis by linear regression models and the degree of hepatic steatosis at histologic analysis. Bland-Altman 95% limits of agreement between the estimated and the histologic degree of hepatic steatosis were obtained. The diagnostic accuracy of USAI and HRI in the diagnosis of hepatic steatosis ≥5% and ≥30% [17] [18] [19] was evaluated and compared using receiver operating characteristic (ROC) curve analysis. The optimal cutoff values of USAI and HRI for diagnosing hepatic steatosis ≥5% and ≥30% were obtained from the Youden index (maximum [sensitivity + specificity -1]) [20] , and corresponding sensitivity, specificity, positive and negative predictive values (PPV and NPV) were calculated for the chosen cutoff values. Then, the sensitivities and specificities were compared between USAI and HRI using the McNemar test. The interobserver agreement was evaluated by using intraclass correlation coefficients (ICCs) or Bland-Altman statistics [21, 22] . An ICC of less than 0.40 signified poor agreement; those of 0.40-0.75, fair to good (moderate) agreement; and those of 0.76-1.00, excellent agreement [23] . Values for p<0.05 were considered to indicate a significant difference.
Results
The characteristics of the study population are summarized in Table I . The histologic degree of hepatic steatosis was 0-70% (median, 5%); 91 (40.6%) patients had mild hepatic steatosis (≥5% and <30%) and 24 (10.7%) patients had moderate or severe hepatic steatosis (≥30%), respectively. Among them, only one patient had histologic findings of non-alcoholic steatohepatitis. The USAI ranged from −24.129 to 73.037 (mean±SD, 22.507±15.876) and HRI ranged from 0.701 to 3.720 (1.445±0.473), respectively.
The scatter plots between the histologic degree of hepatic steatosis and these measurements are presented in fig 2. Both USAI and HRI were highly positively associated with the histologic degree of fatty liver, with γ=0.682 (p<0.001) and γ=0.853 (p<0.001), respectively. A stronger linear relationship was found between the HRI and the histologic degree of hepatic steatosis compared with that between the USAI and the histologic degree of hepatic steatosis. The prediction models of hepatic steatosis using USAI and HRI by linear regression analysis are presented in table II. The Bland-Altman 95% limits of agreement between the estimated and the histologic degree of hepatic steatosis were −19.8% to 19.8% for USAI (the estimated hepatic steatosis = 0.594 × USAI − 3.559) and −14.1% to 14.1% for HRI (the estimated hepatic steatosis = 24.916 × HRI − 26.212), indicating the higher accuracy of HRI in quantitatively estimating hepatic steatosis.
For the diagnosis of hepatic steatosis ≥5%, the areas under the ROC curve of USAI and HRI were 0.820 (95% confidence interval [CI], 0.764-0.868) and 0.856 (95% CI, 0.803-0.899), respectively (fig 3a) . For the diagnosis of hepatic steatosis ≥30%, the areas under the ROC curve of USAI and HRI were 0.909 (95% CI, 0.863-0.943) and 0.937 (95% CI, 0.897-0.965), respectively (fig 3b) . Although the HRI showed a tendency towards a higher accuracy compared with USAI at both threshold levels of hepatic steatosis ≥5% and ≥30%, the difference was not statistically significant (p=0.279 for the diagnosis of hepatic steatosis ≥5% and p=0.378 for the diagnosis of hepatic steatosis ≥ 30%, respectively). The values are presented as mean ± standard deviation (range) or number (percentage); *Social drinker is defined as the amount of alcohol consumption is ≤ 210 g/week in men and ≤ 140 g/week in women; AST-aspartate aminotransferase, ALT-alanine aminotransferase.
Fig 2.
Correlation between a) ultrasound attenuation index and b) hepato-renal index, and the histologic degree of hepatic steatosis at liver biopsy.
Fig 3.
Receiver operating characteristic curves and area under the receiver operating characteristic curves of the hepato-renal index and ultrasound attenuation index are shown for the diagnosis of hepatic steatosis a) ≥5% and b) ≥30%. The values are presented as mean ± standard deviation; USAI -ultrasound attenuation index, HRI-hepato-renal index, RMSE-root mean squared error.
The sensitivity, specificity, PPV, and NPV of USAI and HRI with optimal cutoff values for diagnosing hepatic steatosis ≥5% and ≥30% are summarized in table III. For diagnosing hepatic steatosis ≥5%, although both USAI and HRI had fairly good specificities (89.9% and 92.7%) and PPVs (86.9% and 90.7%), they had relatively poor sensitivities (63.5% and 67.8%) and NPVs (70.0% and 73.2%), respectively. The values of HRI were slightly higher than those of USAI, although the difference was statistically insignificant (p≥0.486 for all comparisons). For diagnosing hepatic steatosis ≥30%, both USAI and HRI had excellent sensitivities (91.7% and 95.8%) and NPVs (98.8% and 99.4%), but they had relatively poor specificities (80.0% and 83.5%) and poor PPVs (35.5% and 41.1%), respectively. The values of HRI were slightly higher than those of USAI but the difference was without statistical significance (p≥0.281 for all comparisons).
The 50 patients (28.6±9.4 years) who were randomly chosen for the analysis of interobserver agreement consisted of 34 men (24.9±5.9 years) and 16 women (36.4±10.8 years); their histological degree of hepatic steatosis ranged from 0 to 50% (mean, 8.6%; median, 4.0%). There were "excellent" interobserver agreements for USAI and for HRI (ICC=0.931 and 0.973, respectively). According to the Bland-Altman method, the 95% limits of difference between two readers were −8.5% to 6.6% for the estimated hepatic steatosis by USAI and −4.8% to 6.2% for the estimated hepatic steatosis by HRI. If we tolerate a difference smaller than 5% for hepatic steatosis estimation, 37 (74.0%) and 48 (96.0%) patients would have a difference of calculated hepatic steatosis by USAI and HRI from different operators within the range of ± 5% hepatic steatosis.
Discussions
The routine sonographic interpretation of hepatic steatosis is generally based on a subjective impression of the hyperechogenicity of the liver parenchyma, fall of echogenicity with depth in the liver parenchyma, and poor or nonvisualization of the intrahepatic vessel borders and diaphragm. Thus, this interpretation is qualitative and prone to interobserver and intraobserver variance, which can lead to limited reproducibility and comparability [10, 11] . Therefore, the development of an objective quantitative US measurement is important to obtain reproducibility and comparability.
In this study, we found that both USAI and HRI had good interobserver agreement, and the difference of the estimated hepatic steatosis between different operators mostly fell in the range of ±5% hepatic steatosis. In previous studies, which investigated the correlation between USAI or HRI and histologic analysis [7, 13, 14, 24] , they also showed that HRI or USAI was positively correlated with hepatic steatosis (γ=0.71-0.884, p<0.001) and presented a large area under the ROC (0.87-1.00) for the diagnosis of hepatic steatosis, similar to the results of our study. And, their cutoff point of HRI for the diagnosis of hepatic steatosis ≥5% was also similar to that of our study. This similarity of results indicates reproducibility of these parameters across patients with various liver diseases, including NAFLD.
In this study, USAI and HRI were highly positively associated with the histologic degree of hepatic steatosis and very specific for the diagnosis of hepatic steatosis ≥5%. In clinical settings of diagnosis for a mild degree of hepatic steatosis, a specific diagnosis is possible if USAI or HRI is greater than the cutoff value observed in the current study. However, its relatively low sensitivity may be an improper characteristic as a screening or surveillance method for NAFLD. Therefore, when USAI or HRI is within the normal limit, if mild hepatic steatosis is strongly suspected, a biopsy should be considered to eliminate false negative results of US. In contrast, USAI and HRI showed high sensitivity and low PPV for the The values are presented as percentages; Values in parentheses are the number of subjects used to calculate the percentage; USAI -ultrasound attenuation index, HRI -hepato-renal index, PPV -positive predictive value, NPV -negative predictive value.
diagnosis of hepatic steatosis ≥30%. Thus, in clinical settings of diagnosis for moderate to severe steatosis, these parameters can be effectively used as screening or surveillance diagnostic tools. However, because PPV is very low, false positive diagnoses occur very frequently. Therefore, in such a setting, it is better to use other highly specific non-invasive studies such as computed tomography or magnetic resonance imaging as ancillary methods. Therefore, it should be noted that the practical use of US parameters would be very restrictive in these settings.
In our study, we found that HRI showed higher accuracy in the quantitative estimation of hepatic steatosis with a stronger correlation with the histologic degree of hepatic steatosis than USAI. In addition, the diagnostic performance of HRI for hepatic steatosis ≥5% and ≥30% was also better than that of USAI although the difference was statistically insignificant. From a practical point of view, additional effort is required to obtain USAI, such as changing the US transducer from a low to a high frequency, which is not routinely used in abdominal US examination, as well as inactivating the time-gain compensation. Moreover, a retrospective analysis of USAI is impossible unless the images were obtained by a standardized protocol. On the contrary, HRI can be measured not only prospectively but also retrospectively from ordinary US images covering the liver and right kidney, obtained with routine scanning protocols and transducers.
Therefore, HRI might be clinically useful as an easy and relatively accurate method to diagnose hepatic steatosis. While there may be some limitations in the clinical use of HRI in that HRI cannot be measured in patients with disease in the right kidney or the right hepatic lobe, such pitfalls are not expected to occur frequently in the suspicious NAFLD patient group and can be easily recognized and avoided during the US image analysis.
There were a few limitations to our study. Firstly, the major limitation is the retrospective design and the calculation of the USAI and HRI indices from previously recorded US images. It is clear that under these conditions, the agreement in the quantitative measurements (USAI and HRI) between different readers was excellent. A more interesting method would have required each examiner to acquire their own images on which to calculate the USAI and HRI. Secondly, the reference standard (histology of needle biopsy specimens) was prone to sampling errors because only a small portion of the liver was obtained. However, needle biopsy is probably the most practical reference standard currently available. Similarly, the USAI and HRI might not be representative of the entire liver but it does evaluate a much greater amount of liver tissue than biopsy. Thirdly, our study included hepatic donor candidates who were mostly young, healthy, and relatively lean adults. The number of patients with steatosis greater than 30% was relatively low and a large number of patients had little to no steatosis in our study population. If we had included more patients with variable degrees of steatosis from the general population, the results would have been more conclusive. However, obtaining liver biopsy for research purposes in such patients would not be feasible or ethical. Fourthly, the cut-off values for USAI and HRI for the diagnosis of steatosis ≥5% and ≥30%, were not validated in a subgroup. Due to the small percentage of patients with steatosis, we had to put off the validation for a further study. Validation is possible in well-constructed future studies, overcoming the limitations of the retrospective design of our study.
Conclusion
Although the difference was statistically insignificant, HRI was superior to USAI for the diagnosis and quantitative estimation of hepatic steatosis, including accuracy and reproducibility. Therefore, HRI may be the preferred quantitative method for non-invasive US assessment of NAFLD.
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